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Abstract. In this talk I will give an overview on theoretical aspects of top quark physics. The focus lies on top 
pair production and single top production. 



1 Basic facts about the top quark 

The top quark is the heaviest elementary particle known 
up to today. It has been discovered at the Tevatron and 
it is currently studied at the LHC. The top quark can be 
characterised by three essential numbers. These are the top 
quark mass, the top quark width and the branching ratio for 
the decay into a bottom quark. The current experimentally 
measured values are [1] 

m, = 173.1+0.6+ 1.1 GeV, 
r, = 2.0!^ GeV, 
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The first number tells us that the top quark is heavier than 
all other known elementary particles, from the second one 
we deduce that the lifetime of the top quark is shorter than 
the characteristic hadronisation time scale. The third num- 
ber indicates that the top quark decays predominately into 
a bottom quark and a W-boson. These numbers have sev- 
eral implications: The top quark mass is close to the electro- 
weak symmetry breaking scale v - 246 GeV. If there is 
new physics associated with electro-weak symmetry break- 
ing, top quark physics is a place to look for. Secondly, 
the large top mass sets a hard scale. The short lifetime 
of the top quark implies that the top quark decays before 
it can form bound states. Therefore, top quark physics is 
described by perturbative QCD. The absence of hadroni- 
sation effects allows also that spin information of the top 
quark is transferred to its decay products. Finally, the large 
top mass implies also that the top quark contributions are 
relevant to precision physics. For example, the top gives a 
significant contribution to the Higgs self-energy and a pre- 
cise knowledge of the top mass is required for an indirect 
determination of the Higgs mass from electro-weak preci- 
sion fits. 

This raises immediately the question how precise the 
top quark mass can be extracted from experiments. There 
are some theoretical subtleties which should be taken into 
account. The starting point for a theoretical description is 
the Lagrange density, the relevant part reads 

X = if/ (iip - m bare ) ifr. 
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Here, the bare top quark mass appears. Renormalisation 
relates the bare mass to a renormalised mass 

"Zbare — '^renorm- 

It should be stressed that Z,„ and hence m renorm depend on 
the renormalisation scheme. Popular choices for a renor- 
malisation scheme are the on-shell scheme, where the the 
mass m po ie is defined as the pole of the propagator (and 
m po ie is therefore called the pole mass), or the MS -scheme, 
in which the MS-mass m-^ip) is scale-dependent. Within 
perturbation theory one can convert between the different 
schemes. Naively, the pole mass seems to be the natural 
choice. However, the exact definition of the pole mass as- 
sumes the concept of stable colour-less particle. The top 
quark is neither stable nor colour-less, and this re-intro- 
duces non-perturbative effects. As a result, the pole mass 
is ambiguous by an amount <9(Aqcd) 133. This ambi- 
guity limits the precision by which the pole mass can be 
extracted from experiment. As an alternative one can use a 
mass definition, which is only sensitive to short distances. 
The MS-mass m-^(p) is an example of a short-distance 
mass. The direct extraction of m-^ip) from the measure- 
ments avoids the above-mentioned ambiguities [6|. Fur- 
thermore it is possible to use alternative short-distance mass 
definitions. For example, for the process <? + e~ — » tf a top 
quark jet mass has been defined and studied in detail Q. It 
should be emphasised that the use of short-distance mass 
definitions will in general lead to distortions from a perfect 
Breit-Wigner shape. 

Recent experimental results from the Tevatron on top 
quark mass measurements can be found in (8). 



2 Top pair production 

Top quark pair production proceeds at the Tevatron mainly 
through the quark-antiquark channel, while at the LHC 
the gluon-gluon channel dominates, reflecting the different 
parton fluxes at the two accelerators. The relevant leading- 
order Feynman diagrams are shown in fig. [TJ For top pan- 
production not only the inclusive process 

pp -» ti+X, 

but also the exclusive processes 

pp — » tt + jets, pp — > tt+ 1 jet, pp — » tt + 2 jets, ... 
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Fig. 1. The leading-order Feynman diagrams for top pair produc- 
tion. 



6 

<r[pb] 
5 



pp -> tt+jet+X 

1.96 TeV 
PTjet > 20GeV 

NLO (CTEQ6M) 
LO (CTEQ6L1) 



0.1 




Fig. 2. Scale dependence of the NLO and LO cross section for 
pp -*tt+l jet at the Tevatron. The figure is taken from 1121 . 
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Fig. 3. Scale dependence of the NLO and LO cross section for 
pp — » tt+ 1 jet at the LHC. The figure is taken from 1121 . 



are of interest. (For the Tevatron on should replace the ini- 
tial state pp by pp.) In the inclusive top-quark sample a 
substantial number of events is accompanied by additional 
jets. These processes are all known to next-to-leading or- 
der (NLO) in QCD. The NLO corrections to pp -> tt 
||9 WT|| have been known for a long time, while the NLO 
corrections to pp — > tt + 1 jet Ifl2ffl31l and pp — > it + 
2 jets [16 1 are of a more recent vintage. The NLO cor- 
rections of the important sub-process pp — > tt + bb of 
pp — > tt + 2 jets have been calculated by two groups 
IIT714201 . Furthermore, the NLO QCD corrections to the 
processes pp -> tt + H (2T]|22), pp -> tt + Z H231I24I and 
pp — > tt + y B15II251 are known. It should be mentioned 
that these calculation either treat the top quarks as stable 
particles or include the top decay within the narrow width 
approximation. A full NLO calculation including top de- 
cays and non-factorisable corrections has been performed 
for the process pp — > bbW + W~ 126,27]. The inclusion of 
NLO corrections reduces the scale dependence of the pre- 
dictions. Examples are shown in fig. [2] and fig. [3] where 
the scale dependence of the NLO predictions and the LO 




prediction for the processes pp — > tt + 1 jet at the Tevatron 
and pp — > tt + 1 jet at the LHC are shown. 

In the near future one can expect results at next-to- 
next-to-leading order (NNLO) for the process pp — > tt. 
The squared one-loop amplitudes gg — > tt and qq — > tt 
are known [ 28-30 1, work on the corresponding two-loop 
amplitudes OT14351 is in progress. In addition a method 
to handle the infrared divergences at NNLO, in particular 
with respect to initial state partons and massive partons, is 
needed. Again, work on this topic is in progress P6H421 . 

In multi-scale problems there can be large logarithms 
of the form a" \n J B in the perturbative expansion. An ex- 
ample is given for the process of top pair production in the 
threshold region, where 



P 



In addition there can be Coulomb singularities of the form 
1 l(5 k . These terms can potentially spoil the perturbative ex- 
pansion. The solution is to resum these terms. For top pair 
production the resummation has been carried with next- 
to-next-to-leading logarithmic (NNLL) accuracy I143H481 . 
The resummed results can be re-expanded and give an "ap- 
proximate NNLO" result [46 49 - 52 1. In comparing the re- 
sults from the different groups one should keep in mind 
that there are some differences in the approaches. This con- 
cerns the exact definition of the resummation variable and 
the question which terms are resummed, e.g. soft gluons 
only or also Coulomb terms. 

An alternative approach to resummation of large log- 
arithms is provided by parton showers. These are usually 
only at the leading-log (LL) level, but offer fully exclu- 
sive final states. The current interest lies in matching fixed- 
order NLO calculations with parton showers. The frame- 
works of MC@NLO El and POWHEG El offer the 
possibility to do this and avoid double-counting. A con- 
venient tool in this respect is the POWHEG-BOX [55 1 and 
several processes related to top pair production have been 
implemented into the POWHEG-BOX 15614591 . 

Experimental results on top pair production cross sec- 
tions can be found in [60-68 1. 

Within the Standard Model the top quark decays purely 
through left-handed weak decay, and spin information is 
transferred to the decay products. In the dilepton channel 
of top pair production it is therefore possible to measure 
correlations between the angles of the two leptons. One 
has 

d 2 cr 



1 

<x of cos 8/d cos 0j 
— (1 + B\ cos 8/ + Z?2 cos 8j - C cos 6>/ cos 6j, ) 

where the coefficient C gives the correlation [69 -73]. Here, 
6j is the angle between the lepton / + in the rest frame of 
the top and a reference direction a. Similar, 9[ is the angle 
between the lepton l~ in the rest frame of the anti-top and 
a reference direction b. Convenient choices for a and b 
are the helicity basis, the beam basis and the off-diagonal 
basis. For these choices QCD yields vanishing coefficients 
B\ and Z?2- Experimental results can be found in M741I75I . 

QCD predicts a charge asymmetry in top pair produc- 
tion starting at 0(afj. The charge asymmetry results from 
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Fig. 4. The forward-backward asymmetry at Tevatron. The figure 
is taken from 1 12 1. 



an interference of C-odd parts of the amplitude with C- 
even parts. At the Tevatron, which is a proton-antiproton 
collider, the charge asymmetry manifests itself in a forward- 
backward asymmetry. Since the asymmetry starts at O (a,), 
the existing NLO calculation of the differential cross sec- 
tion for the process pp —> tt gives only a LO prediction 
for the forward-backward asymmetry [ 76 , 77 1 . The situa- 
tion is different for the process pp — > tt + jet. Here, the 
NLO calculation of the differential cross section gives a 
true NLO prediction for the forward-backward asymmetry 
lfT2UT5l[78ir79l . The differential cross section starts at LO 
with O \o?A and includes at NLO terms of order O (&fj- For 
the process pp — > tt -t-jet the LO prediction for the asymme- 
try is about -8%, however including NLO corrections the 
asymmetry is almost washed out. This is shown in fig. [4] 
For the process pp — > tt the LO prediction for the asymme- 
try in the laboratory frame is (4.7 + 0.7)% [80]. CDF has 
measured a significant larger value of (15.0 ± 5.5)% ||8T1 
[82). This has triggered a significant amount of papers on 
new physics contributions to the forward-backward asym- 
metry, see ref. 1 83 ] and the references therein. One should 
however investigate if uncalculated higher order correc- 
tions can explain the discrepancy. It is known that the electro- 
weak corrections are small 1 80 84 85 1, as well as soft gluon 
corrections [86-88]. In this context one should welcome a 
differential NNLO calculation of pp — > tt, which would 
provide the NLO correction to the forward-backward asym- 
metry of this process. It should also be noted that the CDF 
collaboration compares their result to a theory prediction 
of (3.8 ± 0.6)%, which they obtain from MCFM 15911901 . 
This number corresponds to a normalisation of the asym- 
metry to the NLO cross section. As pointed out in ref. [ 80 1 , 
the asymmetry is only known to LO and a normalisation to 
the LO cross section is more appropriate. This explains the 
numerical difference between (3.8±0.6)% and (4.7+0.7)%. 

The LHC is a proton-proton collider and due to the 
symmetric initial state the charge asymmetry does not man- 
ifest itself in a forward-backward asymmetry. However, in 
the process qq — > tt, the top quark t tends to follow the 
initial quark q, while the anti-top quark t tends to follow 
the initial q. Furthermore, the initial quarks tend to have 
a larger momentum fraction (valence-like) than the initial 
anti-quarks (which are always sea quarks). Therefore the 
rapidity distribution of the top quarks is expected to be 
broader than the rapidity distribution of the anti-top quarks. 
A measurement will not be simple due to the fact that at 
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Fig. 5. The leading-order Feynman diagrams for single top pro- 
duction. 



the LHC the gg-initial state gives only a small fraction 
of the events, which are dominated by the grg-initial state. 
However, in view of the Tevatron results, this measurement 
should be worth the effort. First experimental results are to 
be found in EB. 



3 Single top production 

A top quark can also be produced singly by an electro- 
weak Wffr-vertex. The LO diagrams of the single top pro- 
duction mechanisms are shown in fig. [5] The flavour ex- 
citation channel and the W-gluon fusion channel are of- 
ten also collectively referred to as f-channel. Flavour ex- 
citation corresponds to a five-flavour scheme, W-gluon fu- 
sion to a four-flavour scheme. There are several motiva- 
tions from physics to study single top production: First of 
all, the process is sensitive to the electro-weak Wfb-vertex 
and non-standard couplings can give a hint on physics be- 
yond the Standard Model. Secondly, the top quark is pro- 
duced left-handed. Since no hadronisation occurs, spin cor- 
relations survive in the final decay products. Thirdly, the 
flavour excitation channel can be used to extract the b- 
quark density. Finally, single top production allows a direct 
measurement of the CKM matrix element V t t and a veri- 
fication of the unitarity of the CKM-matrix. Here, a few 
remarks are in order: V,b is known indirectly from unitar- 
ity 

IK// + \v cb \ 2 + \v lh \ 2 = i 

to a very high precision: \V t b\ = 0.9990 - 0.9993. There is 
no way to measure |V,;,| directly to this precision! The indi- 
rect determination assumes three generations and unitarity. 
From top pair production at the Tevatron one knows 



BR(t -> Wb) 
BR(t -> Wq) 



\V a 



\v td \ 2 + \v ts \ 2 + \v th \ 2 



0.99 



+0.09 
-0.08 ■ 



Assuming three generations and unitarity, the denomina- 
tor \V,d\ 2 + \V, S \ 2 + \V,b\ 2 equals one. However, if we do 
not wish to make this assumption, then it follows only 
Wtb\ » \V, S \ , \V t d\- Single top production allows a direct 
| V f z,|-measurement without any assumptions on the number 
of generations. 
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For all single top production channels fixed-order NLO 
calculations are available 11921 - 1 105 1 . In addition resumma- 
tion at the NNLL level has been carried out 111061 4108 1. 
Single top quark production has been implemented into 
the MC@NLO framework |fT09l as well as into POWHEG 
framework 111 101 . 

Experimental results on single top production can be 
found in |[TTWT3l. 

Of particular interest in single top production is the 
fact that the top quark is produced through the electro- 
weak Wfb-vertex left-handed. Since no hadronisation oc- 
curs, spin correlations survive in the final decay products 
111 14H1 17l . In W-gluon fusion or flavour excitation the top 
quark is highly polarised along the direction of the li-quark. 
In addition the M-quark density is the largest among the 
quark densities. Therefore the cross section receives the 
dominant contribution from the configuration where the u- 
quark is in the initial state and the of-quark in the final state, 
which in turn produces the non-b tagged jet q. A suitable 
observable is therefore the variable 

a= i(l +cos9 qI ) 

where 6 q j is the angle between the light quark jet and the 
charged lepton in the rest frame of the top. For the angular 
correlation of the decaying top quark one has 

dcr 

— =cr(2Pa + (l -P)), 
da 

where P denotes the polarisation of the top quark along 
the spin axis defined by the spectator jet q. Including back- 
ground processes, the slope of this distribution is given by 

2^ > signal ^"signal ^-Pbackgiound^background ■ 

Although in principle other distributions may serve to infer 
the spin correlations, the a distribution seems particularly 
attractive due to its simple shape. 

The LHC is a pp-collider. As a consequence the cross 
sections for single top production and single anti-top pro- 
duction are not the same. As far as spin correlations are 
concerned, one finds for single anti-top production that in 
the W-gluon fusion channel or flavour excitation channel 
the dominant contribution comes now from configurations 
where the af-quark is in the initial state. As a consequence, 
a suitable observable for spin correlations in single anti- 
top production is the angle between the charged lepton and 
one of the beam directions. 

A measurement of spin correlations in single top quark 
production would be very interesting. 
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